Introduction
Whole chromosome gains or losses, termed aneuploidy, are detected in at least 10% of human embryos, and up to 50% of embryos for women of advanced maternal age (Nagaoka et al., 2012) . Whilst most aneuploid conceptuses perish in utero, specific trisomic (+13, +18, +21, XXX, XXY and XYY) and monosomic (X) pregnancies are compatible with live birth but are associated with developmental sequelae (Hassold and Hunt, 2001) . Aneuploidy is thus the leading genetic cause of unwanted pregnancy loss and congenital birth defects (Nagaoka et al., 2012) . The majority of errors leading to foetal aneuploidy occur in the oocyte during meiosis-I, also known as oocyte maturation (Nagaoka et al., 2012; Jones and Lane, 2013) . However, despite the severe clinical consequences, there is very little mechanistic data on how and why chromosomes frequently mis-segregate in human oocytes.
The past decade has seen a surge in live imaging of oocyte meiosis to investigate chromosome segregation errors, with mouse being the predominant model system (Chiang et al., 2010; Lister et al., 2010; Kitajima et al., 2011; FitzHarris, 2012; Yun et al., 2014 , Sakakibara et al., 2015 . For example, it was recently shown that loss of chromosome cohesion leading to premature separation of bivalents into univalents is a major cause of meiosis-I chromosome segregation error in mouse (Sakakibara et al., 2015) , which likely holds true also in human oocytes (Angell, 1991; Duncan et al., 2012; Zielinska et al., 2015; Patel et al., 2016) . Additionally, several studies have reported that chromosomes that lag behind in the spindle midzone at anaphase are common in meiosis-I, especially in oocytes from aged mice (Chiang et al., 2010; Lister et al., 2010; Yun et al., 2014) . Importantly, the presence of anaphase-I lagging chromosomes correlates with egg aneuploidy at metaphase-II (Chiang et al., 2010; Yun et al., 2014) . To what extent these mechanisms of aneuploidy generation in mouse oocytes are mirrored in human oocytes is only beginning to become clear.
A recent landmark paper reported the first real-time imaging of chromosome segregation in human oocytes (Holubcová et al., 2015) , revealing that lagging chromosomes are common in human oocyte meiosis-I. Here, we present a comparable dataset, in which a 4D longterm live imaging system was used to track chromosome segregation during anaphase-I in a cohort of live human oocytes. Our data corroborates the findings of the previous study (Holubcová et al., 2015) , and reports an additional unexpected chromosome segregation error in human oocytes: tri-directional chromosome divisions at anaphase-I.
Materials and Methods

Oocyte collection
Mouse oocytes were collected from the ovaries of~3-month-old female CD1 mice (~20 g) (n = 6) (Envigo, Canada) 44-48 h after receiving 5 IU of pregnant mares serum gonadotrophin (Cedarlane, Canada) by intraperitoneal injection. Mice were housed (5 per cage with environmental enrichment) in a specific pathogen free facility at CRCHUM (Montreal, Quebec), under a fixed 12 h light-dark cycle with free access to food (Teklad global, 18% protein rodent diet) and water (chlorinated and filtered). Mice were anesthetised with isofluorane prior to sacrificing by cervical dislocation. Germinal vesicle (GV) stage oocytes were released from the ovaries using a 27 G gauge needle into M2 media (Sigma, Canada) with 200 μM 3-Isobutyl-1-methylxanthine (IBMX) (Sigma, Canada).
Human oocytes were retrieved from 24 women who signed consent forms prior to undergoing gonadotrophin-stimulated in vitro fertilisation treatment with intracytoplasmic sperm injection at CPA du CHUM between January 2015 and May 2016. Women were aged between 24 and 40 years (mean age 31), and had anti-Müllerian hormone levels ranging between 0.2 and 10.9 ng/ml and FSH levels between 3.4 and 11.5 IU/l. Following oocyte retrieval, the granulosa cells were removed, and only those oocytes observed to be at the GV stage were donated. GV oocytes were transported to CRCHUM within 2-3 h of retrieval in a transport incubator (Labotect, Germany) at 37°C in gamete buffer medium (Cook Medical, USA).
Oocyte numbers and microinjection
A total of 64 human oocytes were microinjected. Of these, seven died after injection (oocyte survival rate 89%). A further seven could not be used for technical reasons. A total of 50 were included in the analysis, of which 12 expressed end binding protein-1:enhanced green fluorescent protein (EB1: eGFP, to label the spindle), and all expressed histone 2B:red fluorescent protein (H2B:RFP, to label the chromosomes). Complimentary RNA (cRNA) was manufactured using mMESSAGE mMACHINE ® in vitro transcription kits (Ambion, Canada) as previously described (Fitzharris, 2009) . Plasmids used as follows: H2B:RFP in pRN4 vector-a gift from Alex McDougall (Prodon et al., 2010; Vázquez-Diez et al., 2016) , EB1:eGFP in pcDNA3.1 vector-a gift from Lynne Cassimeris (Piehl et al., 2004; Howe and FitzHarris, 2013) . Polyadenylated cRNA was microinjected as described (Nakagawa and FitzHarris, 2016) . Following microinjection, mouse oocytes were matured in M16 media (Sigma, Canada) at 37°C with 5% CO 2 , and human oocytes were matured in blastocyst culture medium (Cook Medical, USA) with 7.5 mIU/ml FSH and LH (Repronex; Ferring, Inc., Canada) at 37°C with 6% CO 2 .
4D live imaging
Time-lapse imaging of fluorescent fusion proteins was performed using a Leica SP8 laser scanning confocal microscope fitted with a 20× 0.75NA objective. Approximately 25 optical sections (2 μm thickness and step size) were obtained at 5-min intervals for 12-24 h, beginning~24 h after oocyte retrieval. The H2B:RFP and EB1:eGFP fusion proteins were excited using 552-and 488-nm, respectively, and emitted light collected with HyD hybrid detectors. Bright-field images were acquired simultaneously using a transmitted light detector.
Image analysis
4D datasets of individual human oocytes were constructed using ImageJ/ Fiji (Schindelin et al., 2012) and Imaris version 8.3 software (Bitplane Inc., USA). Quantification of angles between chromosomes was performed using Imaris MeasurementPro. Spindles were defined as having misaligned chromosomes if one or more chromosomes were clearly separated from the main mass of chromosomes immediately prior to anaphase-I, as previously described (Illingworth et al., 2010; Shomper et al., 2014) .
Statistical analysis
Statistical analyses were performed using GraphPad Prism version 7 (GraphPad Software, USA). Data were analysed using one-way analysis of variance followed by Tukey's post hoc test. Statistical significance was defined as P < 0.05.
Ethics approval
All mouse experiments were approved by the Comité Institutionnel de Protection des Animaux du CHUM (CIPA) (Project number: 4I140440GFs). All patients provided informed consent to use their oocytes for this study. All procedures and handling of human material were performed in accordance with a research protocol approved by the Comité d'Ethique de la Recherche du CHUM (Project number: 14.157).
Results
Human oocytes are susceptible to tri-directional anaphases
Human oocytes are prone to chromosome segregation errors that cause aneuploidy, but the origins of these errors are poorly understood. To investigate this, we employed a high-resolution low-damage imaging assay to examine chromosome segregation dynamics in realtime throughout meiosis-I in human oocytes. This is a standard assay that we have previously validated as having no effect upon cell divisions in embryos (Vázquez-Diez et al., 2016) . We used confocal fluorescence imaging of H2B:RFP, as longer wavelengths of light are less damaging to human oocytes (Daniel, 1964; Takenaka et al., 2007) . Prior to using this approach on human oocytes, we sought to confirm that it was non-damaging to mouse oocyte meiosis-I by measuring the rate of oocyte maturation and chromosome segregation defects. We found that all (n = 24) mouse oocytes successfully completed maturation, and the vast majority of mouse oocytes featured normal chromosome segregations. All mouse oocytes featured tightly aligned chromosomes at metaphase-I, and 87% (21/24) exhibited two groups of chromosomes being partitioned evenly at anaphase-I ( Fig. 1A and B) . Only a small proportion of oocytes (13%; 3/24) featured one or more lagging chromosomes ( Fig. 1A and B ). This low lagging chromosome rate is similar to other studies (Chiang et al., 2010; Lister et al., 2010; Yun et al., 2014) , indicating our live imaging assay is a reliable approach to examine mouse oocyte meiosis-I. We thus applied this assay to our human oocytes using a similar laser power and imaging settings. We found that 70% (35/50) of the human oocytes successfully completed anaphase, of which 31 (62% of total) extruded morphologically normal first polar bodies ( Table I ). The vast majority of those that failed to extrude a polar body came from two patients whose oocytes failed to undergo germinal vesicle breakdown (GVBD) ( Table I ). There was no difference in size between the oocytes that completed meiosis (111.6 μm ± 1.4) and those that did not (111.1 μm ± 1.3; P = 0.81), suggesting all were fully grown oocytes. This IVM rate compares favourably to others using a similar source of oocytes, even those not requiring microinjection and live imaging (Kim et al., 2000; Ben-Ami et al., 2011) .
We observed four different classes of anaphase-I chromosome segregation. Firstly, 20% of oocytes featured bi-directional anaphases with two tightly grouped chromatin masses moving in opposing directions during polar body formation ( Fig. 2A and H) , suggesting a faithful error-free anaphase, as previously reported (Holubcová et al., 2015) . Secondly, 20% of oocytes also displayed a bi-directional anaphase, but exhibited lagging chromosomes during anaphase-I, as seen previously (Holubcová et al., 2015) (Fig. 2B and H) . Thirdly, unexpectedly, in several oocytes the chromosomes separated to generate three distinct groups in anaphase. Qualitatively, these oocytes fell into two subgroups. In some, it appeared that two of the three masses were pulled in the same direction, such that anaphase was effectively bi-directional-which we termed bi-directional with chromatin mass separation (Fig. 2C) . Others featured three separate chromatin masses moving in appreciably different directions at anaphase (Fig. 2D) , a phenotype we termed tri-directional anaphase. To objectively classify those oocytes with more than two chromatin masses in anaphase-I, we reconstructed all anaphases in three dimensions and calculated the angle formed between the chromatin mass closest to the oocyte cortex, and the two other chromatin masses deeper within the oocyte (Fig. 2E and F) . Consistent with our qualitative assessment, angles of separation took a bimodal distribution, with groupings between 40°and 50°, and between 60°and 70° (Fig. 2G) . We therefore categorised those in which an angle of 60°or greater was formed as severe tri-directional anaphase (34% of all anaphases, Fig. 2H ), and those with <60°as having anaphase-I chromatin mass separation (26%; Fig. 2H ). We found no relationship between chromosome segregation defects and maternal age (Table I ), but this likely reflects the limited study sample size.
To understand the origins of these chromosome segregation defects, we correlated the phenotype of anaphase with the alignment of chromosomes in metaphase-I immediately prior to anaphase onset. In all cases, oocytes with normal bi-directional anaphases (i.e. no lagging chromosomes), showed tightly aligned chromosomes at metaphase-I ( Fig. 2I and Table I ). In contrast, all oocytes with bi-directional anaphases with chromatin mass separation, or tri-directional anaphases, featured misaligned chromosomes immediately prior to anaphase-I (Fig. 2I and Table I ). Thus, chromosome segregation defects in human oocyte meiosis-I correspond with a failure to correctly align chromosomes prior to anaphase.
Finally, we exploited our datasets to determine whether our anaphase phenotypes featured differences in cell cycle length. Comparison of meiosis-I duration between groups (from oocyte collection to anaphase onset), uncovered no difference related to anaphase phenotype (Fig. 3A) . However, oocytes with tri-directional divisions featured extended and more variable anaphase-I durations, defined as the time from anaphase onset until maximal chromatin separation in telophase (100 ± 13.1 min in tri-directional, 57 ± 2.9 min in bi-directional; P = 0.04) (Fig. 3B) . Extended anaphase-I duration was also observed in those oocytes undergoing bi-directional anaphases with chromatin mass separation (103 ± 10.7 min; P = 0.01) (Fig. 3B) .
Taken together, the data show that anaphase in the human oocyte frequently comprises multiple chromatin populations moving in distinct directions, and that most oocytes still complete meiosis-I despite these highly defective segregations.
Separated chromatin masses re-unite following polar body extrusion
To establish the fate of tri-directionally separated chromatin masses in human oocytes, we tracked chromosome movement after anaphase-I through to metaphase-II. In 78% of oocytes with a tri-directional anaphase (7/9), the defective anaphase was followed by cytokinesis and the formation of a single polar body. In these oocytes, two of the three chromatin masses remained inside the oocyte, and the polar body received only one chromatin mass (Fig. 4A) . Moreover, in all cases (7/ 7 oocytes), the two chromatin masses retained in the oocyte subsequently reunited to form a single mass at metaphase-II (Fig. 4A ). In the remaining oocytes with tri-directional anaphases (22%; 2/9), cytokinesis did not occur, and in both cases all three chromatin masses subsequently reunited inside the oocyte (Fig. 4B ).
Tri-directional anaphases are attributable to transient tripolar spindles
In human cancer cells, multi-directional anaphases are caused by multipolar spindles (Ganem et al., 2009) . To determine if a similar mechanism drives tri-directional anaphases in human oocytes, spindle microtubules and chromosomes were simultaneously monitored in a Figure 3 Cell cycle timings in human oocytes. (A and B) Total meiosis-I and anaphase-I durations for all four anaphase phenotypes: bi-directional anaphase with no lagging chromosomes (green), bi-directional anaphase with lagging chromosomes (blue), bi-directional anaphase with chromatin mass separation (orange), tri-directional anaphase (pink). Each dot represents an individual oocyte. Different letters indicate statistical significance (P < 0.05). Additionally, the combined anaphase durations for bi-directional anaphases with chromatin mass separation (orange) and tri-directional anaphases (pink) are also significantly different to bi-directional anaphases with no lagging chromosomes (green) (P = 0.004). subset (n = 12) of the human oocytes. Four oocytes showed formation of a tripolar spindle in anaphase-I (Fig. 5B) . Notably, however, the spindles in these oocytes had a normal bipolar appearance immediately prior to anaphase-I, and became tripolar concomitant with anaphase-I onset (Fig. 5B) . We quantified the angle of chromosome separation in these four oocytes, and found that two had tridirectional anaphases, and two featured bi-directional anaphases with chromatin mass separation. The remaining (n = 7) oocytes either had spindles with a normal bipolar appearance immediately prior to, and during, anaphase-I (Fig. 5A) , or did not complete meiosis (n = 1). All oocytes with a bipolar spindle at anaphase-I had bi-directional anaphases. Thus, our data suggest that tri-directional chromosome segregation in human oocytes is attributable to the appearance of an extra spindle pole specifically at anaphase-I.
Discussion
It has been almost a century since a link between developmental aneuploidy and maternal age was first recognised (Penrose, 1933 (Penrose, , 1934 , and whilst the chromosomal basis of most trisomic and monosomic syndromes have since been identified (Ford et al., 1959; Jacobs et al., 1959) , the molecular mechanisms leading to an aneuploid conceptus still largely remain unknown. We set out to use a live imaging approach to identify errors in chromosome segregation that could result in aneuploidy in human oocytes. Our data concur with the recent observation of lagging anaphase chromosomes in human meiosis-I (Holubcová et al., 2015) . In addition, we observed that human oocytes are susceptible to tri-directional anaphases during their first meiotic division, and that these unusual divisions were attributable to a transient defect in spindle pole stability at anaphase onset. Tri-directional anaphases may therefore contribute to error-prone chromosome segregation in human oocyte meiosis-I.
Assembly of a bipolar spindle is essential for faithful chromosome segregation during mitosis and meiosis in mammalian cells. In mitosis, two centrosomes facilitate bipolar spindle assembly, and aberrations in centrosome number cause multipolar spindles (Ganem et al., 2009; Silkworth et al., 2009) . Mammalian oocytes, however, degrade their centrioles to prevent centrosome excess upon fertilisation (Manandhar et al., 2005) , rendering centrosome over-replication an implausible explanation for tripolar spindles in oocytes. Rather, in mouse oocytes, acentriolar microtubule-organising centres (MTOCs) dictate spindle assembly (Bennabi et al., 2016) . However, aberrant MTOC behaviour may not explain tri-directional anaphases reported here, since MTOCs are yet to be detected in human oocytes (Holubcová et al., 2015) and microtubule nucleation has instead been attributed to the chromosomes, similar to Xenopus laevis (Gruss et al., 2002) . Our data thus indirectly support the idea that the chromosomes may influence spindle function, as all tri-directional divisions in human oocytes had misaligned chromosomes prior to anaphase. Thus, misaligned chromosomes appear to favour tripolar anaphase spindles in human oocytes, perhaps as a result of chromosome-resident motor proteins that are capable of altering spindle pole integrity (Maiato and Logarinho, 2014) .
In somatic cells, most daughter cells arising from tripolar mitotic divisions are non-viable as a result of severe aneuploidy (Ganem et al., 2009 ). Whilst we were not able to formally count chromosome numbers, we imagine that, like in somatic cells (Ganem et al., 2009) , tripolar anaphases in human oocytes may risk aneuploidy. Aneuploid conceptuses can successfully implant, but most undergo spontaneous abortion during the first trimester (Menasha et al., 2005) . Thus, whilst oocytes and embryos may lack the appropriate mechanisms to detect and deal with aneuploid cells in early development, there appear to be sufficient checkpoints in utero to prevent the full term development of a foetus with severely compromised cell fitness (Bolton et al., 2016) .
It is noteworthy that tri-directional divisions in human oocytes only result in two cells following cytokinesis; the oocyte and a single polar body. This is in contrast to mitotic cells where multipolar anaphases can generate three or more daughter cells (Ganem et al., 2009) . Why tri-directional divisions in human oocytes produce only two cells, and not three, is intriguing. Meiosis-I is a highly asymmetric cell division, the polar body being formed from a spatially restricted region of microvillus-and cortical granule-free plasmalemma overlying the spindle. Perhaps this provides a finite pool of available membrane, limiting meiosis-I to one-and-only-one polar body (Brunet and Verlhac, 2011) . Interestingly, we also found no relationship between chromatin mass size and the likelihood of being extruded into the polar body (data not shown), suggesting that it is chromatin position rather than bulk that determines the site of polar body extrusion. Together our data suggest that human oocytes are adapted to avoid abnormal cytokinesis events, which may benefit oocyte development. (A) Example of a bipolar spindle immediately prior to, and throughout the duration of, anaphase-I (n = 7). (B) Example of a change in spindle polarity from a bipolar spindle immediately prior to anaphase-I, to a tripolar spindle upon the onset of anaphase-I (n = 4). Spindles are labelled with EB1:eGFP (white) and spindle poles are indicated by white arrows. Chromosomes are labelled with H2B:RFP (magenta). H2B:RFP labelling deep within the oocyte represents lipid droplets that store histones (white asterisks) (Li et al., 2012 Given the severe clinical consequences of aneuploidy, it is important for assisted reproduction clinics to be able to assess ploidy early in development. Our data suggest that chromosome segregation errors are unlikely to be predicted by the duration of meiosis-I. On the other hand, whether tri-directional anaphases might be detectable with birefringence microscopy (Wang and Keefe, 2002) in patients requiring IVM as part of their treatment remains to be determined. A limitation of our human cohort is that they are oocytes that failed to resume meiosis-I in vivo in response to hormonal stimulation. Follow-up studies using oocytes from IVM treatment cycles would be extremely valuable to further elucidate the clinical relevance of tri-directional anaphases in human oocytes.
In conclusion, our study introduces tri-directional anaphases as a novel segregation error in human oocytes. Establishing the root of these errors is a necessary next step towards the development of appropriate therapeutic approaches to avert chromosome segregation errors during IVM.
